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Introduction {#rse2130-sec-0001}
============

In the 20th century, continued ecological destruction and land degradation which threaten biodiversity, traditional livelihoods, ecosystem services, and contributing to carbon emissions has been met with efforts to conserve tropical forests ("World Conservation Strategy", [1980](#rse2130-bib-0016){ref-type="ref"}; Watson et al. [2014](#rse2130-bib-0054){ref-type="ref"}). Protected areas can facilitate forest conservation, but their success depends on effective measures to prohibit anthropogenic disturbance. Earth observation systems offer vital information for assessing the extent of human modification to protected areas, their success in limited damaging activities, and for prioritizing future conservation initiatives.

The largest increase in protected forestlands in the last two decades has been in Central America, with less than 3% of forests being protected prior to 1990, increasing to 15% in 2015 (Morales‐Hidalgo et al. [2015](#rse2130-bib-0034){ref-type="ref"}). In parts of Central America these efforts have led to conservation and even forest transition, most notably in Costa Rica (Calvo‐Alvarado et al. [2009](#rse2130-bib-0009){ref-type="ref"}). However, increased pressure from international commodity markets, lack of clear land tenure, ineffective enforcement against illegal land appropriation, organized crime, and population growth have led to large amounts of forest disturbance throughout the region (Sader et al. [1994](#rse2130-bib-0041){ref-type="ref"}; Tucker et al. [2005](#rse2130-bib-0051){ref-type="ref"}; Pirard [2008](#rse2130-bib-0038){ref-type="ref"}; Radachowsky et al. [2012](#rse2130-bib-0039){ref-type="ref"}; Weishampel et al. [2012](#rse2130-bib-0055){ref-type="ref"}). Consequently, many of the protected areas are considered "paper parks", or areas legally designated as protected but contain forests at risk to human modification due to a lack of enforcement or oversight (Bonham et al. [2008](#rse2130-bib-0007){ref-type="ref"}).

The Mesoamerican Biological Corridor (MBC) provides a geographic link between the unique ecosystems of South, Central, and North America, and has therefore been a focus of conservation efforts in recent decades (DeClerck et al. [2010](#rse2130-bib-0014){ref-type="ref"}). In the heart of the MBS is Guatemala\'s Maya Biosphere Reserve (MBR) which contains the largest expanse of continuous rainforest in Central America (Miller et al. [2001](#rse2130-bib-0032){ref-type="ref"}). The parks in the eastern portion of MBR also contain remnants of the ancient Mayan civilization, which are essential for the tourism industry of the country (Radachowsky et al. [2012](#rse2130-bib-0039){ref-type="ref"}). The MBR has also been globally recognized as an example of conservation through community forestry, with large parts of the reserve allocated as community concessions (Gretzinger [1998](#rse2130-bib-0019){ref-type="ref"}; Radachowsky et al. [2012](#rse2130-bib-0039){ref-type="ref"}). Despite these efforts, illegal logging remains prevalent. Between 2000 and 2013, Hodgdon and Ramos ([2013](#rse2130-bib-0024){ref-type="ref"}) reported that deforestation in the Maya Reserve averaged 1.3% of the total forest cover per year. Additionally, the rate in the Core Zone, in which no logging is permitted, was 1%.

South of the MBR is the Sierra de las Minas Biosphere Reserve (SMBR), a mountainous region that has been identified as one of the most irreplaceable protected areas in the world (Saout et al. [2013](#rse2130-bib-0042){ref-type="ref"}). SMBR is named after its expansive mineral deposits, namely jade and marble. The mountain range contains both dry and humid cloud forests and is one of the most ecologically diverse areas in Central America. The reserve contains an estimated 885 species of vertebrates representing approximately 70% of the species in Guatemala (Nations et al. [1989](#rse2130-bib-0035){ref-type="ref"}). While a majority of the region was designated as a protected area in 1990, the rich mineral deposits and timber resources have made the area vulnerable to illegal logging and mining. From 1987 to 1995, the annual deforestation rate in the protected area was approximately 1860 ha per year (Lehnhoff and Nuñez [1998](#rse2130-bib-0027){ref-type="ref"}).

MBR and SMBR are two of over 350 protected areas in Guatemala, which in total comprise 32 percent of the country\'s land area (Man [2011](#rse2130-bib-0030){ref-type="ref"}; CONAP, [2018](#rse2130-bib-0013){ref-type="ref"}). The land use policies of the protected areas vary, with some allowing tourism, low impact agriculture, and timber concessions (Radachowsky et al. [2012](#rse2130-bib-0039){ref-type="ref"}). Despite the extensive area of protected forests, environmental destruction in Guatemala remains high, with only Nicaragua having a higher rate of forest loss in Latin America and the Caribbean since 2000 (Aide et al. [2012](#rse2130-bib-0001){ref-type="ref"}). Using MODIS data, Leisher et al. ([2013](#rse2130-bib-0028){ref-type="ref"}) found that land and forest degradation in Guatemala\'s protected areas was occuring at twice the Latin American average from 2004 to 2009 and was taking place in over 40% the nation\'s protected areas.

Remote sensing analysis has allowed for effective monitoring of protected forests (Leisher et al. [2013](#rse2130-bib-0028){ref-type="ref"}) for deforestation or stand replacing disturbances (Hansen et al. [2013](#rse2130-bib-0021){ref-type="ref"}; Blankespoor et al. [2017](#rse2130-bib-0006){ref-type="ref"}). However, recent research suggests that such approaches can omit degradation and natural disturbance (D/ND), which result in a decrease in the ecological capacity of the forest without a land cover conversion (Baccini et al. [2017](#rse2130-bib-0004){ref-type="ref"}; Milodowski et al. [2017](#rse2130-bib-0033){ref-type="ref"}). Drivers of such events can be anthropogenic (forest degradation), or natural, with the key point being that the forest undergoes a *disturbance* without a land cover conversion, and hence have not been included in past analyses of change using remote sensing. Compared to intact forests, disturbed forests in Central America have been shown to be less ecologically productive (Holder [2006](#rse2130-bib-0025){ref-type="ref"}), lower in species diversity (Schulze et al. [2000](#rse2130-bib-0043){ref-type="ref"}; Renner and Waltert [2006](#rse2130-bib-0040){ref-type="ref"}; Griscom and Ashton [2011](#rse2130-bib-0020){ref-type="ref"}), and lower in carbon storage (Castro et al. [2003](#rse2130-bib-0010){ref-type="ref"}). Despite the evidence on the detrimental impact of D/ND, it has not been included in most large area forest monitoring efforts due to methodological limitations (Herold et al. [2011](#rse2130-bib-0023){ref-type="ref"}; Goetz et al. [2014](#rse2130-bib-0017){ref-type="ref"}). However, recent advancements in data accessibility, storage, and processing have allowed for new approaches that take advantage of the full depth of the Landsat data archive (Kennedy et al. [2010](#rse2130-bib-0026){ref-type="ref"}; Verbesselt et al. [2010](#rse2130-bib-0053){ref-type="ref"}; Zhu and Woodcock [2014](#rse2130-bib-0056){ref-type="ref"}; Bullock et al. [2018](#rse2130-bib-0008){ref-type="ref"}). As a result, subtle processes such as D/ND can be mapped with greater accuracy and over larger areas than ever before possible.

In this study, we utilize time series analysis of satellite data to map forest disturbance in Guatemala from 2000 through 2017. We use a recently developed methodology, Continuous Degradation Detection (CODED)(Bullock et al. [2018](#rse2130-bib-0008){ref-type="ref"}), to differentiate *deforestation* from *D/ND*. The mapped dataset is used to assess the extent of disturbance in the country\'s protected areas during our study period. The dataset is also used to select a collection of sample sites, which are assigned reference labels and used as the basis for unbiased estimates of area of disturbance.

Materials and Methods {#rse2130-sec-0002}
=====================

Study area {#rse2130-sec-0003}
----------

The entire country of Guatemala was monitored for disturbance. Guatemala contains a mix of ecosystems including lowland humid, deciduous, and montane forests. The Pacific coast contains many volcanoes, all of which are protected. Coastal lowlands in Guatemala have largely been deforested before our study period, but the lowland humid forests in the North do not share similar land use histories. The boundaries of protected areas were provided by the Consejo Nacional de Áreas Protegidas (CONAP). The protected areas used in the analysis included national and municipal parks, wildlife and biosphere reserves, multiple use parks, volcanoes, and cultural sites. The study period was defined as 2000 through 2017.

Monitoring forest disturbance {#rse2130-sec-0004}
-----------------------------

CODED was specifically developed to monitor for D/ND. Souza et al. ([2005](#rse2130-bib-0045){ref-type="ref"}) demonstrated how spectral mixture analysis could be used to effectively discern locations that have undergone sub‐pixel canopy damage due to fire or logging. Spectral unmixing was used to transform Landsat surface reflectance data into endmember proportions, from which the Normalized Difference Fraction Index (NDFI) is calculated. NDFI was shown to be more sensitive to disturbances than transforms based on spectral reflectance alone, such as the Normalized Difference Vegetation Index (NDVI)(Tucker [1979](#rse2130-bib-0050){ref-type="ref"}). CODED extends this approach into the time series domain by using NDFI as the basis for a regression‐based algorithm for detection of structural breaks, or times when patterns no longer resemble the past. By fitting regression models to all available Landsat data, CODED is able to detect disturbance events that are visible from above the canopy for less than a year. CODED is open‐source and is available on the Google Earth Engine (Gorelick et al. [2017](#rse2130-bib-0018){ref-type="ref"})(see [github.com/bullocke/coded](https://github.com/bullocke/coded)).

In addition to finding changes in forest area, CODED uses the model regression coefficients as inputs to a Random Forests classifier to assign land cover labels for every location (pixel) and time period. Changes in a pixel classified as forest are labeled *forest disturbance*. If the land cover label after the event is *forest* the change is further labeled as *D/ND*, and if it is a different land cover it is labeled as *deforestation*.

Sample‐based area estimation {#rse2130-sec-0005}
----------------------------

Maps that are created using automated classification approaches inevitably contain errors and biases, and therefore it is recommended to avoid "pixel counting" when estimating areas, or extents, of land cover or change (Milne et al., [2003](#rse2130-bib-0100){ref-type="ref"}; McRoberts, [2011](#rse2130-bib-0031){ref-type="ref"}). A better approach is to use reference data from sample sites in a statistical estimator to obtain unbiased estimates of areas and their associated uncertainties (Olofsson et al., [2013](#rse2130-bib-0036){ref-type="ref"}b; Olofsson et al. [2014](#rse2130-bib-0037){ref-type="ref"}). These samples sites can be randomly selected across a study area, but in such a case the number of samples required to achieve adequate precision when estimating rare classes is often beyond feasibility (Stehman [1999](#rse2130-bib-0046){ref-type="ref"}; Olofsson et al. [2014](#rse2130-bib-0037){ref-type="ref"}). Alternatively, maps can be used to stratify the study area from which a stratified random sample can be derived. Stratification based on maps has been shown to reduce the number of sample sites necessary to achieve the same precision of estimates compared to random sampling (Stehman [2009](#rse2130-bib-0047){ref-type="ref"}, [2013](#rse2130-bib-0048){ref-type="ref"}; Olofsson et al. [2013](#rse2130-bib-0036){ref-type="ref"}, [2014](#rse2130-bib-0037){ref-type="ref"}).

We used the CODED results as the basis for a stratified random sample (Table [1](#rse2130-tbl-0001){ref-type="table"}). The stratification for sample selection was a preliminary version of the dataset due to time requirements for interpreting the sample. Interpretation was performed while the dataset was improved and the areas reported in this article are based on the final version of the dataset. Locations that underwent an initial forest disturbance followed by deforestation to another land cover were assigned to the Deforestation stratum. The stratification included a "Possible Forest Disturbance" stratum as previous research has found that errors of omission for change classes can have a large impact on the variance estimate (or a decrease in precision) due to the large area weight of the class that contains the omission error (Tyukavina et al. [2013](#rse2130-bib-0052){ref-type="ref"}; Bullock et al. [2018](#rse2130-bib-0008){ref-type="ref"}; Arévalo et al. [2019](#rse2130-bib-0003){ref-type="ref"}).

###### 

Stratification used for deriving a stratified random sample

  Strata                        Description                                                                                                                                       *W* ~*i*~   Sample Allocation
  ----------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------- ----------- -------------------
  Forest                        \>30% Canopy cover of trees over 5 feet in height.                                                                                                0.43        400
  Non‐Forest/Other              Not meeting the definition of forest, can contain disturbances in other land covers and regrowth.                                                 0.37        300
  D/ND                          A disturbance in a forest that does not result in a change in land cover classification.                                                          0.08        150
  Deforestation                 A disturbance in a forest that results in a change in land cover classification.                                                                  0.05        150
  Possible Forest Disturbance   A one pixel buffer surrounding disturbances and pixels labeled as forest but high magnitude of change in the backup change detection algorithm.   0.07        100

The sample was used to estimate map accuracy and unbiased area estimates for the country.
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Three trained experts interpreted the samples using the AREA^2^ toolbox (see github.io/bullocke/area2). The interpreters did not know the stratum of the samples at the time of interpretation. All forest disturbance events within the study period were recorded as either *deforestation* or *D/ND*. Since stratification was performed on an earlier version of the dataset the typical stratified estimator could not be used (Stehman [2014](#rse2130-bib-0049){ref-type="ref"}). Therefore, accuracy and area estimation was performed for the country using indicator functions and a ratio estimator (Cochran [1977](#rse2130-bib-0011){ref-type="ref"}).

Results {#rse2130-sec-0006}
=======

National area estimates {#rse2130-sec-0007}
-----------------------

The results of our analysis are summarized in Table [2](#rse2130-tbl-0002){ref-type="table"}. Deforestation and D/ND occurred throughout the study region and in almost every protected area (Fig. [1](#rse2130-fig-0001){ref-type="fig"}). An estimated 854 137 ha (±83 133 ha 95% CI) of forest was converted to another land cover and an additional 1 012 947 ha was affected by D/ND (±139 512 ha). The total area of forest disturbance represents 14.8% of the country and 27.6% of the forest area in 2000. Deforestation and D/ND represented 10.9% and 8.6% of the total area of the parks, respectively, and stable forest represented 60.9% (Fig. [2](#rse2130-fig-0002){ref-type="fig"}). For nine of the protected areas over 40% of the park area contained forest disturbance during our study period. The protected areas with the most forest disturbance were the Aguateca Cultural Monument and the San Román Biological Reserve (95% and 90% converted or disturbed, respectively), and the least disturbance occurred in Mirador‐Rio Azul and Tikal National Parks (both \> 99% stable forest). A complete list of the area of forest disturbance for each protected area analyzed can be found in the [Data S1](#rse2130-sup-0001){ref-type="supplementary-material"}.

###### 

Estimated areas and accuracies for the two change and two stable classes

  Class           Estimated Area (%)   Estimated Area (Ha)   Standard Error (ha)   Margin of Error (%)   Map Bias (%)   Producer\'s Accuracy (%)   User\'s Accuracy (%)
  --------------- -------------------- --------------------- --------------------- --------------------- -------------- -------------------------- ----------------------
  Forest          43.19                4 885 638             207 345               8.32                  +3.36%         86.34                      86.40
  Non‐Forest      40.31                4 560 348             178 905               7.69                  −9.62%         87.42                      94.67
  D/ND            8.95                 1 012 947             139 512               26.99                 −27.24%        50.76                      85.23
  Deforestation   7.55                 854 137               83 133                19.07                 +0.67%         84.41                      84.46

The margin of error is defined as the half width of the 95% confidence interval to the estimate. Map bias is defined as the percent difference between the estimated and map area. A negative bias means the area in map is underestimated. The Overall Accuracy of the map was 83.44%.
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![Mapped change detection results for the country (A), Lachuá Lake National Park (B), Sierra Caral National Protected Area (C), Ixil Visis‐Cabá Biopshere Reserve (D), and the Sierra de las Minas Biosphere Reserve (E). Sierra Caral was established in 2014 and therefore the disturbances reflect the time before and after the park designation.](RSE2-6-141-g001){#rse2130-fig-0001}

![Estimated forest area over time within protected areas. Non‐Disturbed Forests indicates the area of forest that has not been converted or disturbed without deforestation since 2000, and Disturbed Forests represent the area of forests mapped as D/ND.](RSE2-6-141-g002){#rse2130-fig-0002}

The parks within MBR contained 89% of the total deforestation within protected areas. We estimated that on average 1.0% of the forest area of MBR was deforested each year between 2000 and 2017, similar to the estimated 1.2% deforested area per year reported in Hodgdon and Ramos ([2013](#rse2130-bib-0024){ref-type="ref"}). In addition to deforestation, however, we found an additional 0.68% per year of D/ND. In total, approximately 17% of the 2000 forest cover of MBR was converted (274 600 ha) and an additional 11% (134 300 ha) was affected by D/ND. The deforestation rate was highest in the Buffer Zone (1.4% per year), where deforestation is allowed under certain circumstances. By 2017, however, only 17% of the Buffer Zone remained undisturbed forest (Fig. [3](#rse2130-fig-0003){ref-type="fig"}). In sharp contrast to MBR, the rate of D/ND in SMBR (1 333 ha per year) was over twice the deforestation rate (499 ha per year).

![Percent forest cover in the Core, Buffer, and Multiple Use (MUZ) Zones (solid lines) and two Core Zone parks (dashed lines). Forest cover includes forests that were disturbed but remained forest. The Tigre National Park is adjacent to the Buffer Zone and has seen extensive deforestation, while the Mirador National Park is spatially isolated and has remained largely undisturbed.](RSE2-6-141-g003){#rse2130-fig-0003}

The overall accuracy of the map was 83.44%, and the User\'s Accuracy for each class was above 84% (Table [2](#rse2130-tbl-0002){ref-type="table"}). The Producer\'s Accuracies for Forest, Non Forest, and Forest Deforestation were above 84%, and for D/ND it was 50.75%. The margin of error for the area estimates, defined as the ratio of the half width of the 95% confidence intervals to the estimate, for Deforestation and D/ND were 19% and 27% respectively.

Discussion {#rse2130-sec-0008}
==========

Anthropogenic and natural disturbance affected every protected area in Guatemala from 2000 to 2017, however, the parks varied in the intensity, extent, and types of disturbance contained within their boundaries. The disturbance patterns reflect regional and local differences in historical land use and resource demand, forest types, and accessibility. While detailed attribution of disturbance drivers was beyond the scope of this research, it is worth discussing the demographic and environmental factors that are likely driving disturbance. To do so, the country was divided into three regions that share similar ecosystems and land use practices: The northern lowland moist forests, the central montane forests and Atlantic forests, and the Pacific montane forests (Fig. [4](#rse2130-fig-0004){ref-type="fig"}).

![Three geographic regions used to discuss the likely factors driving disturbance in Guatemala. The regions are separated based on land use history and geography. Modern 20th and 21st century population expansion, low topography, and mature tropical forests define the northern moist lowland forests. The central montane and Atlantic forests have a relatively long history of land use that includes agriculture, logging, and mining, and with remaining forests on karstic or protected elevated terrain. The protected areas in the Pacific montane forests are primarily volcanoes or high elevation lakes.](RSE2-6-141-g004){#rse2130-fig-0004}

Northern lowland moist forests {#rse2130-sec-0009}
------------------------------

Deforestation in the northern state of Petén has been previously attributed to intense population growth and subsequent agricultural intensification that occurred during the second half of the 20th century (Shriar [2001](#rse2130-bib-0044){ref-type="ref"}). While the entire country has a similar population density to Petén, the recent growth is unique to the north. The high demand for forest resources, in addition to a lack of enforcement of rules defining forest protections, have contributed to large areas of forest within MBR being deforested for alternative land uses. At the current deforestation rate, the MBR Buffer Zone will be entirely non‐forest by 2030. There were also indications during our study period of pressure to deforest land in the Core Zone, as can be seen in the Laguna del Tigre National Park (LT; Figure [5](#rse2130-fig-0005){ref-type="fig"}).

![The first detected forest disturbance colored by year and Landsat medoid composites before and after our study. The protected areas are colored according to designation status in the Landsat images. In the first disturbance image the southern reserve boundary is displayed in a solid white line and other protected areas are the white dashed lines. Laguna del Tigre and Mirador National Parks are labeled in the 1999 composite as A. and B., respectively.](RSE2-6-141-g005){#rse2130-fig-0005}

Accessibility to population centers and roads likely contributed to the high frequency of disturbance in Petén. For example, the proximity to the Buffer Zone and the Mexico border likely influenced the high rate of activity in LT, as the park has been heavily used as a corridor for drug, gun, and artifact smuggling (Bird [2012](#rse2130-bib-0005){ref-type="ref"}). Conversely, the Mirador National Park, which is sparsely populated and only accessible by roads during the dry season, maintained near‐100% forest cover for the entire study period (Fig. [6](#rse2130-fig-0006){ref-type="fig"}).

![Landsat images (TM/ETM+ 5‐4‐3 stretch) before and after the study period in El Rosario National Park and San Román Biological Reserve. Both reserves are located in the Petén region of northern Guatemala. However, little disturbance occurred in El Rosario, while San Román was almost entirely cleared. D/ND is abbreviated as DRF in the legends.](RSE2-6-141-g006){#rse2130-fig-0006}

The parks with easy accessibility but low disturbance correspond to the parks containing important cultural sites and, consequently, offer economic opportunities through tourism. These parks include the archeological sites in the southern Core Zone and El Rosario National Park in southern Petén (Fig. [4](#rse2130-fig-0004){ref-type="fig"}). These results suggest that the disturbance in Petén is influenced by population growth, contraband, lack of enforcement of forest laws in parks without frequent tourism, and accessibility.

Central mountainous region {#rse2130-sec-0010}
--------------------------

Protected forests in the central mountainous region were primarily affected by D/ND rather than deforestation. This region contains the two Departments with the highest rates of D/ND, Izabel and Alta Verapaz (Fig. [7](#rse2130-fig-0007){ref-type="fig"}). This forests in this region are frequently affected by legal and illegal logging and mining (Lehnhoff and Nuñez [1998](#rse2130-bib-0027){ref-type="ref"}). Logging in a forest without land cover deforestation is, according to our definition, considered D/ND. The same is true for exploratory mines that do not develop into full mining operations. The remaining forestland in this region is largely karst, which is characterized by uneven terrain, underground drainage systems, and soft soils, making large parts of the landscape challenging for agricultural use. The karst and mountainous terrain, in addition to the large amounts of land deforested before our study period, limit the possible geographic extent of deforestation in the region. Therefore D/ND, likely driven by small‐scale logging and mining, is more prevalent than deforestation in the region.

![Proportion of the forest cover in 2000 disturbed and converted for each Department in Guatemala. Note that only in Petén and Retalhuleu was deforestation more prevalent than degradation.](RSE2-6-141-g007){#rse2130-fig-0007}

A park that clearly demonstrates this pattern is the SMBR. Figure [8](#rse2130-fig-0008){ref-type="fig"} shows an area that has been significantly impacted by logging in SMBR. While the logging did not result in deforestation, it did create a highly disturbed landscape. Therefore, the disturbance is labeled as D/ND. As discussed in Saout et al. ([2013](#rse2130-bib-0042){ref-type="ref"}), SMBR contains a high number of endemic species and is therefore one of the most irreplaceable protected areas in the world. Our results suggest that the SMBR, in contrast with the lowland parks in Petén, is more threatened by D/ND than deforestation.

![A Landsat image in the Sierra de las Minas (SMBR) in before the study period in 1997 (top‐left) then after a series of logging events (top‐center) and the disturbance dataset overlaid (top‐right), and an example NDFI time series for a disturbance in a remaining forest (bottom). Small‐scale disturbance was found to be very prevalent in SMBR. Note that the disturbance resulted in a temporary decrease in NDFI, but within a few years returned to the state before the disturbance.](RSE2-6-141-g008){#rse2130-fig-0008}

Pacific montane forests {#rse2130-sec-0011}
-----------------------

The remaining protected forests in the Pacific montane region are primarily on volcanoes, where deforestation to pastureland or agriculture is challenging. Disturbance in the protected volcano parks is primarily due to erosion or fire, both of which can be natural or influenced by human activity. This region, including the frequented alpine Lake Atitlán, were also heavily damaged by Hurricane Stan in 2005 (Hernandez et al. [2011](#rse2130-bib-0022){ref-type="ref"}). Overall, D/ND and deforestation affected 9.6% and 3.6% of the forest area in the protected volcanoes, respectively. Based on this information, we hypothesize that disturbance in the Pacific Highlands is driven primarily incidental damage from human or natural activity.

National estimates {#rse2130-sec-0012}
------------------

Our estimate of deforestation (854 137 ± 83 133 ha) is similar to that of the United Nations Food and Agriculture Organization (FAO), which reported that anthropogenic drivers led to 846 000 ha of deforestation from 2000 to 2015 (MacDicken et al. [2016](#rse2130-bib-0029){ref-type="ref"}). Although the time intervals differ, the 2016--2017 period represented only 2.5% of our total estimated area of deforestation. The FAO report, however, does not include the area of D/ND, which represents over 50% of our estimate for total area of disturbance. In other words, our total disturbance area is over double the area reported by FAO. The only two Departments where there were higher proportions of deforestation than D/ND were Petén and Retalhuleu (Fig. [7](#rse2130-fig-0007){ref-type="fig"}). These results support the hypothesis that the total area of forest disturbance will often be significantly underestimated if D/ND is not included (Milodowski et al. [2017](#rse2130-bib-0033){ref-type="ref"}).

Study limitations {#rse2130-sec-0013}
-----------------

This study analyzed trends in deforestation and D/ND over time within the boundaries of protected areas. However, it is possible for the protected areas to have the adverse affect of increasing disturbance outside the park boundary, also known as disturbance "leakage" (Andam et al. [2008](#rse2130-bib-0002){ref-type="ref"}). In such occurrence, the protected area would not be succeeding in the ultimate goal of reducing disturbance. We did not attempt to analyze "leakage" of disturbance into nearby non‐protected forests, but the dataset created for this study would be suitable for doing so. Such research should consider the relative ecological importance of the protected areas when compared to the non‐protected forests nearby. Unlike other tropical regions, most of the mature natural forest in Guatemala is protected. We therefore believe that, in ecologically vital forests such as those in the MBC or SMBR, disturbance "leakage" would not be an appropriate measure of the effectiveness of the protected areas.

Remote sensing of forest disturbance {#rse2130-sec-0014}
------------------------------------

The low Producer\'s Accuracy of the D/ND class indicates that many disturbance events were omitted in the map. CODED has been shown to be more vulnerable to errors of omission than commission for detecting disturbances, resulting in map areas that underestimate the unbiased areas obtained from the sample (Bullock et al. [2018](#rse2130-bib-0008){ref-type="ref"}). CODED was modeled after the Continuous Change Detection and Classification (CCDC) algorithm for land cover monitoring. Both algorithms monitor for change using a similar regression‐based test statistic that is computed by comparing an observation\'s residuals to the model root‐mean‐squared error during a training period. Therefore both algorithms are prone to omission errors in situations in which a change process does not greatly exceed the normal variability in the data. By requiring multiple consecutive observations to exceed a statistical boundary, however, the change detection approach used in CODED and CCDC is robust to false detection of change. In fact, when comparing multiple forest monitoring algorithms Cohen et al. ([2017](#rse2130-bib-0012){ref-type="ref"}) found CCDC to be the least prone to errors of commission but susceptible to omission errors. Variability can be high in Landsat data in tropical environments due to unfiltered clouds, cloud shadows, or atmospheric constituents. Furthermore, D/ND does not always result in a complete clearing of the canopy, and therefore the spectral change may be small compared to the natural variability. These factors likely influence the high omission rate of CODED in this study. The unbiased statistical estimator accounts for these errors when calculating countrywide areas of disturbance. However it was not possible to account for this bias when calculating areas within individual parks, as it would require sufficient reference samples within the boundaries of each protected area.

While CODED omitted a large amount of disturbances, the Possible Forest Disturbance stratum contained 18 of the errors of omission for D/ND. The small area weight of the Possible Forest Disturbance stratum relative to the Forest stratum had the effect of reducing the impact of the errors of omission on the variance estimate of the change classes (Table [1](#rse2130-tbl-0001){ref-type="table"}). The reasonably high accuracies of the map, in addition to the choice in stratification, allowed for the estimation of change area with reasonably small margins of error (19% and 27% for deforestation and D/ND respectively).

Conclusions {#rse2130-sec-0015}
===========

Protected areas, by definition, are meant to preserve the ecological and cultural integrity of a park or region (Dudley [2008](#rse2130-bib-0015){ref-type="ref"}). Our results show that the protected forests in Guatemala are more vulnerable to disturbance than previously reported. While our estimates of deforestation are similar to estimates of deforestation reported by the FAO and in previous studies, we found that deforestation accounts for less than half the total area of forest loss. However, the extent and types of disturbance varied by region. In locations with a long history of land use the protected forests are often on terrain unsuitable for alternative land uses, and thus disturbance is driven by small‐scale disturbance in remaining forests. This disturbance can be disruptive to fragile natural ecosystems such as SMBR, but may be less damaging to volcano parks that were not designated primarily to preserve ecological integrity. Contrarily, protected areas in MBR are part of an essential natural corridor that has a relatively short history of land use, yet some are primarily "paper parks" and thus highly threatened by deforestation.

Furthermore, our research demonstrates how the historical Landsat archive is an irreplaceable resource for monitoring surface conditions. Together with cloud computing systems such as the Google Earth Engine, advanced change detection algorithms, and sample‐based statistical inference, subtle processes such as D/ND can be monitored over large areas. These powerful new tools can be used to provide greater insight into the effectiveness of protected areas. Future assessments of the effectiveness of protected areas should include both D/ND and deforestation, and management policies should reflect the specific threats that are relevant to the region.
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